Transfection of recombinant bacteriophage clones encoding human NGF receptor sequences resulted in cell surface expression in mouse fibroblasts. Unexpectedly, receptors were expressed even after transfection with phage clones which lack 5' gene sequences. Stable transformants were purified and analyzed in detail. SI nuclease protection and primer extension analysis revealed that an initiation site lies within an intron sequence in the middle of the receptor gene. A truncated mRNA transcript was detected that allowed for the expression of NGF receptors capable of binding to NGF. Since the original phage clones lacked the first two exons, these results suggest that the normal N-terminal sequences may not be necessary for cell surface expression and binding to NGF.
INTRODUCTION
The nerve growth factor (NGF) receptor is a cell surface integral membrane protein that undergoes both N-linked and O-linked glycosylation and phosphorylation from a precursor of 60,000 to form a mature protein of 75-84,000 daltons (1) . Deduction of the amino acid sequence from cDNA cloning (2, 3) and studies of the gene structure (4) indicate at least five discrete domains exist in the structure of the receptor. They include a signal peptide sequence, a 160 amino acid region of heavy cysteine content, a serine and threonine rich domain, a single membrane spanning region, and a cytoplasmic portion of 155 amino acids.
The NGF receptor is encoded by a single copy gene that extends 23 kilobases and is divided into 6 exons, with each exon representing structurally significant features of the receptor. The 5' untranslated and signal peptide sequences are contained in the first exon. The second and third exons encode the N-terminal amino acid sequence of the mature receptor protein and a discrete domain of 160 amino acids, of which 24 are cysteine residues. A donor splice site for the third exon is located precisely after the 24th cysteine residue. Similarly, the fourth exon contains an intron-exon boundary in the stop transfer sequence directly after the transmembrane domain (4) . Such precise divisions of the structural features of the receptor molecule is supportive of a functional role of these domains.
A single mRNA species of 3.8 kilobases has been detected in melanoma and neuroblastoma cells, as well as rat superior cervical (SCG), dorsal root neurons, and pheochromocytoma cells (3, 5) . There is no evidence for alternative splicing of the NGF receptor gene in responsive cells such as PC 12 pheochromocytoma cells or SCG neurons (6) .
We have previously observed stable expression of human NGF receptors after gene transfer of human genomic DNA or bacteriophage clones into mouse fibroblasts (7)-Expression of receptors was detected by immunological screening of transfected cells using monoclonal antibodies against the human receptor (8) in the rosette assay and also by binding of I25 I-NGF followed by affinity crosslinking. Here we report the expression of receptors capable of cell surface expression and NGF binding after transfection of genomic clones that lack the 5' promoter region and also sequences representing the first two exons.
MATERIALS AND METHODS

Cell culture
Mouse Ltk~ cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% calf serum (Gibco) and 50 /ig/ml diaminopurine. For transfected cells the medium used was DMEM + 10% calf serum + HAT (15 /ig/ml hypoxanthine, 1 /ig/ml aminopterin and 5 ^g/ml thymidine). PC 12 cells were grown in DMEM + 5% horse serum and 10% fetal calf serum. Gene transfer Ltk~ cells were transformed with 100 ng of pTK, 1/ig of phage DNA 15 ng of Ltk~ DNA in the form of a calcium phosphate precipitate (9) . After 2 weeks in HAT selection medium, the plates were screened by the rosette assay and then stained with Giemsa to determine the number of Ltk + colonies. Rosette assay After 12 to 14 days in HAT selection medium, L cell plates were incubated for 1 hour at room temperature with either cultured ME20.4 (8) hybridoma supernatant (diluted 1:30) or ascitic monoclonal antibodies (diluted 1:1000) in phosphate buffered saline (PBS) with 2.5% fetal calf serum. After three washes in PBS, the plates were incubated with red blood cells coupled to affinity-purified rabbit antibody to mouse IgG (Cappel Labs). Coupling of antibodies to red blood cells was carried out as described by Goding (10) , as modified by Albino et al (11) . Nucleic acid blotting and hybridization Nitrocellulose filters containing transferred RNA or DNA were baked in vacuo at 80°C, prehybridized in 50% formamide, 5x SSCPE, 5x Denhardt's solution and 500 /ig/ml denatured salmon sperm DNA at 42 °C for at least 4 hours and then were hybridized overnight at 42°C in 50% formamide, 5x SSCPE, 1 X Denhardt's solution, 100 jig/ml denatured salmon sperm DNA, 10% dextran sulfate and denatured probe. Nick translation of restriction fragments was carried out as described by Maniatis et al. (12) to specific activities of 5xl0 8 cpm//ig. Filters were washed to 0.4 X SSC at 68°C and autoradiographed at -70°C with an intensifying screen. 57 Nuclease analysis Mapping by SI nuclease digestion was carried out according to Weaver and Weissman (13) . RNA was isolated according to Chirgwin et al., (14) . Total RNA (50 /ig) was mixed with 5' end labeled or 3' end labeled fragments in 10 jtl of hybridization buffer containing 80% formamide, 0.04 M PIPES (pH 6.5), 0.001 M EDTA and 0.4 M NaCl. The reaction mix was heated for 10 minutes at 70° and then allowed to anneal at 52°C for 12 hours. After hybridization, 300 y\ of buffer containing 0.03 M NaOAc, 0.25 M NaCl, 2 mM ZnSO 4 , 20 /ig/ml salmon sperm DNA and 300 units of SI (Boehringer Mannheim) was added immediately and incubated at 37°C for 30 minutes. Carrier tRNA (20 fig) was added and the samples were ethanol precipitated, electrophoresed on 6% polyacrylamide, 8 M urea gels, and autoradiographed overnight at -70°C. Primer extension Synthetic oligomers were labeled with T4 polynucleotide kinase to specific activities of 10 9 cpm//ig and used in primer extension experiments (15) . The labeled oligomer (10 ng) was precipitated with 50 /tg of total cellular RNA, then resuspended in 10 /xl 80% formamide, 1 mM EDTA, 0.4 mM NaCl, 0.04 M PIPES (pH 6.5) and allowed to hybridize overnight. Following hybridization, samples were ethanol precipitated and resuspended in 15 fi\ of 0.1 M NaCl, 1 mM EDTA, 10 mM Tris-HCl (pH 8.3). To each sample was added 15/tl of reverse transcriptase buffer (10 mM DTT, 16 mM MgCl, 1 mM each dNTP, 750 units/ml RNase inhibitor, 100 /ig/ml actinomycin D, 100 mM Tris-HCl pH 8.3) and 15 units of reverse transcriptase. After 1 hour at 42°C, reaction products were ethanol precipitated and subjected to electrophoresis on 6% polyacrylamide 8M urea gels.
Affinity labeling and crosslinking
Crosslinking of the NGF receptor with I25 I-NGF was carried out as previously described (2), except that the iodinated NGF was purified on a P100 column. All crosslinking experiments were performed on purified fibroblast clones (2X10 6 cells). Immunoprecipitation with the ME20.4 antibody was performed after crosslinking reaction as described by Chao et al. (7).
RESULTS
Transfection and Detection of Receptor Phage Clones
DNA mediated gene transfer had been previously used to isolate the human NGF receptor gene (7) . Sequences encoding the human receptor had been rescued from a mouse L cell transfectant using human Alu repetitive elements. Phages XR1, \R5, XR9, and XR11 ( Figure  1 ) isolated from a partial Alul/Hae HI Charon 4A library had been cotransfected into mouse fibroblasts in pairwise combinations using the herpes virus thymidine kinase gene as a selectable marker. We previously observed positive transfectants expressing the human NGF receptor at a rate of one in 500-1000 tk + colonies (7) . In some lines transfected with \R9 phage alone, receptors were also detected on the cell surface. In all of the gene transfer experiments described, positive colonies were identified and subsequently purified by repeated rounds of resetting. A number of clonal cell lines displayed receptors that were recognized specifically by monoclonal antibodies specific for the human NGF receptor (8) . The ME20.4 antibody does not recognize the murine receptor (data not shown).
In the course of screening mouse fibroblasts transformants for expression, we mapped the phages used for transfection and discovered that significant 5' coding sequences of the receptor gene were missing ( Figure 1) . Specifically, the promoter and the first two exons were not present in the four phage inserts used in the transfection (4). Table I presents a summary of the phage clones used to generate the fibroblast cell lines.
These cell lines were analyzed for alterations in gene structure and RNA expression. Southern blotting analysis of total cellular DNAs was carried out. A 800 base pair cDNA for the human receptor (HI) was chosen as a probe. The HI cDNA extends from nucleotides 38 to 823 of the full length cDNA sequence (2) . This region includes part of the 5' untranslated region and encodes most of the extracellular domain of the NGF receptor. Included in this partial cDNA are the sequences for the signal peptide, NH 2 -terminal sequence, and the cysteine rich domain.
The HI receptor cDNA probe detects three human genomic EcoRI fragments in the following order, 5'-9kb-5 kb-12kb-3' (Figure 2, lane 1) . However, the phage transfectants displayed a different pattern of hybridizing fragments. Each phage DNA transfectant was found to contain the 5 kb EcoRI fragment and a unique 8 kb EcoRI fragment (Figure 2 ). Detailed mapping experiments had indicated that the 8 kb EcoRI fragment corresponded to the sequences represented by the 12 kb EcoRI fragment in human DNA. In addition, the 8 kb EcoRI originated from the XR9 phage DNA (4). Human DNA, however, contains a 9 kb EcoRI fragment, not seen in the phage transfectants (Figure 2 ). This 9 kb EcoRI segment contains the promoter sequence and the first two coding exons of the NGF receptor (4). Therefore, these phage-derived cell lines express the NGF receptor despite lacking the promoter and the first two exons.
RNA Analysis of Transfected Receptor Sequences
We have detected the NGF receptor mRNA in these transfected cells by RNA blot analysis (Figure 3) . The size of the receptor mRNA in three independent cell lines is 3.6 kb, approximately 200 base pairs shorter that the 3.8 kb full length mRNA seen in the human melanoma A875 cell line and other cultured and primary cells that express the receptor. RNA from a primary transfectant cell line (E9b; ref. 7) is shown for comparative purposes.
The molecular basis for the shorter mRNA was determined by SI nuclease protection. We labelled a restriction fragment at a BstEII site at the 5' end of the receptor cDNA and generated a 1.8 kb probe, consisting about 1 kb of plasmid sequence. This probe would be expected to protect 770 bases of the full length receptor mRNA against SI digestion. Analysis with RNA from the A875 melanoma cell line results in an expected protected Lane 1: DNA isolated from human SY5Y neuroblastoma cell; Lanes 2-6: DNA from five independant mouse fibroblast lines (R2C, 9/5B1,9/5A2, 9/5A4 and 9A2, respectively) transfected with partial genomk clones encoding the human NGF receptor (see Table I ).
fragment 770 nucleotides in size. In two independent transfected cells lines (R2C and 9/5B1), however, a protected fragment of approximately 450 nucleotides in length is observed ( Figure 4 ). The shorter size of the protected 5' fragment indicates a lack of the first two exons, which represent a total of 330 nucleotides.
To characterize further the nature of this shorter receptor mRNA, we determined the exact site of initiation of the truncated message by primer extension analysis. The RNA and DNA blot analysis together with mapping data indicated that the first two exons were absent in these transfectants. Therefore, a 32 P-labeled oligonucleotide complementary to sequences in the third exon was annealed to RNA from phage transfectant 9/5B1 and 2 3 4 5 3.8--3.6 t 1 Figure 3 . Northern blot analysis of NGF receptor sequences in transfected cell lines. Poly A + RNA (1 was subjected to electrophoresis on a 0.8% agarose, 2.2 M formaldehyde gel, transferred to nitrocellulose and probed with an NGF receptor cDNA. Lane 1: RNA from a primary transfectant E9b; Lane 2: RNA from untransfected mouse fibroblasts; Lanes 3-5: RNA from three independant transfected cell lines, 9/5A4, 9/5BI and R2C, respectively. (2) where +1 is the A of the initiating methionine. After hybridization, the reaction was incubated with reverse transcriptase as described in the Materials and Methods. Extended products were analyzed by electrophoresis on a 6% polyacrylamide/8M urea gel and subjected to autoradiography for two days at -70°C. Lane 1: RNA isolated from untransfected fibroblasts; Lane 2: RNA from the transfected cell line 9/5B1. The schematic diagram illustrates the relation of the observed extended product to the receptor gene structure. The dark box represents exon III.
extended by reverse transcriptase. The major extended product seen on a denaturing gel is 230 nucleotides in length ( Figure 5, lane 2) . Thus, the RNA analysis is consistent with the DNA analysis and indicates that a truncated receptor is made. Affinity Crosslinking with l25 I-NGF We have previously shown that the transfected cell lines display receptors that are recognized by the ME20.4 monoclonal antibody, which blocks NGF binding to the receptor (8) . In order to test whether NGF can directly bind to the receptor and to characterize the molecular weight of the truncated form of the receptor, we used the crosslinking agent, ethyldimethylaminopropyl carbodimide (EDAC). Cells were harvested, incubated with I25 I-NGF, treated with EDAC, and then analyzed on SDS gels. Figure 6 indicates that PC 12 cells give rise to an expected crosslinked product of apparent molecular weight of approximately 100,000 daltons, in agreement with previous published reports (2, (16) (17) (18) . Untransfected fibroblast cells did not display any endogenous receptors after affinity crosslinking, however, transfectant cell line (R2C) displayed the same crosslinked species as PC 12 cells. In addition, an enrichment of the crosslinked I25 I-NGFreceptor complex is gained after immunoprecipitation of the complex with monoclonal antibodies against the receptor. The size of the transfected receptor is very similar to the native receptor in PC 12 cells. The apparent lack of 50 amino acids from the N-terminus of the mature receptor does not cause an appreciable change in the molecular weight of the crosslinked complex.
DISCUSSION
Transfection of genomic receptor clones lacking the first two exons results in efficient expression of human NGF receptors in mouse fibroblasts. The transfected receptor is not only recognized by monoclonal antibodies, but it also binds NGF. The first two exons encode discrete domains of the receptor molecule, including the signal peptide. Though unusual for a receptor protein, several cell surface proteins and secreted proteins are known to lack a hydrophobic leader peptide (19, 20) . Presumably, the transmembrane spanning region or an internal sequence could serve as a signaling sequence.
Though the exact structure of the truncated receptor is not known, nevertheless, receptor molecules are synthesized and processed, and transported to the plasma membrane. The NH 2 -terminal region contains four cysteine rich domains in the first 160 amino acids; the first cysteine-rich repeat is missing in the shortened transcript. The remainder of the extracellular part of this receptor consists of three cysteine repeats and a region containing O-linked glycosylation sites before the membrane spanning region. The recognition of this truncated receptor by monoclonal antibodies that block NGF binding (8) and the ability to bind NGF and crosslink the receptor imply the binding site for NGF lies within the three remaining cysteine rich repeats.
Several possibilities could explain the apparent correct expression of receptor molecules after gene transfer with partial clones of the gene. The shorter mRNA transcript may be due to activation from a murine cellular promoter. However, the cell lines analyzed were independently isolated. Since DNA mediated gene transfer gives rise to random integration of transforming DNA (21), the same SI nuclease results in separate cell lines would suggest that the altered 5' end of the receptor mRNA is not due to transcription from cellular promoters. Also, the same size mRNA was detected in three independent transfectants (Figure 3) . Furthermore, Southern blot analysis indicates rearrangement of the introduced receptor sequences has not taken place.
Thus, the expression in this case appears more likely to be directed by an internal promoter-like element. This observation is supported by chloramphenicol acetyltransferase assays which demonstrate a promoter activity in the region upstream of exon in (data not shown). Moreover, cosmid clones containing the same receptor coding sequences as the phage clones give even higher levels of efficiency (30%) in transfection experiments (see ref. 7 ; unpublished results). Taken together, these results argue against activation of murine promoters by the transfecting DNA.
Examination of NGF receptor mRNA in different cell types has thus far failed to reveal shorter transcripts that are initiated by the internal promoter. It is, however, still conceivable that this normally cryptic promoter plays a physiological role in some, as yet uncharacterized manner. The activity of a 3' promoter element can be decreased by a mechanism of interference from a 5' promoter (22) . Activation of the internal promoter may, therefore, occur in some instances when the actual promoter is inactivated. This has been suggested for an internal promoter-like sequence present in the Mbcl gene (23) . Translocation of c-myc in lymphomas also results in activation of a promoter that is normally silent (24) . In addition, alternative transcripts in brain have been detected for the CD4 gene (25) . These transcripts emanated from a promoter sequence within an exon and would encode a CD4 protein lacking its signal sequence.
The activation of cryptic promoters may represent an aberrant transcriptional event. The transfection events we have observed are relatively rare, since the appearance of these transcripts occurred only after selection and extensive screening of thousands of colonies. Indeed, transfection of chicken ovalbumin (26) and rabbit /3-globin (27) genes in mouse fibroblasts gave rise to processed mRNAs with incorrect 5' ends. Previous gene transfer experiments with histocompatability antigen genes lacking 5' sequences (28) may possibly be explained by the expression of truncated histocompatability antigen proteins. Moreover, expression of enzymatically active thymidine kinase in fibroblasts was obtained after transfection of human genomic clones which lacked 5' information (29) . These clones lacked significant coding regions of the human thymidine kinase gene, yet were capable of being expressed efficiently in fibroblasts.
The binding of NGF to cell surface receptors causes remarkable differentiative effects upon responsive cells, resulting in the expression of proto-oncogenes (30) , activation of neurotransmitter enzymes, and stimulation of neurite outgrowth (31) . Although the binding domain for NGF has not been defined precisely, the present results suggest that sequences other than the NH 2 -termina] amino acid sequence may play the major role in determining the binding site for NGF on its receptor.
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